I. INTRODUCTION
In recent years high-throughput screening has become a driving force in drug development and diagnostics. Clearly there is now a demand for automated systems that can assess huge numbers of samples in a minimum amount of time by means of relevant assays. [1] [2] [3] [4] [5] Within the scope of different screening assays biological amplification systems have now become significantly important. In vivo assays based on amplification of cells like classical antibiotic screenings or screening with genetic engineered cells, i.e., transactivation assays 6, 7 as well as in vitro assays based on amplification of nucleic acids like Q␤ 8, 9 PCR exhibit wide range of applications.
PCR, for example, is used in a broad range of applications, such as gene detection for analytical purposes as well as rapid preparation of large amounts of modified DNA 10, 11 in the evolutionary biotechnology. 12, 13 Unfortunately, it very often appears to be necessary to screen the concentrations of enzyme, primers, nucleotides, and bivalent ions, and the cycling schedule must also be varied to find the optimal PCR protocol, 14 which can be time consuming if carried out sequentially.
Many automated systems have been developed with accurate temperature cycling and with automated process control in appropriate reaction vessels 4, [15] [16] [17] [18] for pure PCR applications, but there are only a few systems 19 that are capable of analyzing on-line the success of a PCR protocol. On-line analysis should reduce significantly the work required for screening and would decrease the costs correspondingly.
Furthermore such machines are very often constructed on a certain purpose and do not exhibit a flexibility versus other applications such as isothermal amplifications in vivo and in vitro like in the Q␤ or the 3SR system. 20, 21 For a more flexible performance high-throughput screening devices should also contain instruments of determining the kinetics of amplification as well as quantifying target concentrations on line and accurately. This can be achieved by using fluorimetric methods, i.e., serial scanning systems 22, 23 or charge-coupled devices ͑CCDs͒ working in parallel. 19 For a review see Warner et al. 24 Cooled CCD cameras have been developed for astronomy and are important tools in spectroscopy. 25 They a͒ Author to whom correspondence should be addressed.
were introduced in biology since the late 1980s 26, 27 and used in flow cytometry, 28, 29 in light microscopy, 30, 31 and in confocal scanning microscopy. 32, 33 CCDs are also widely applied in the field of electron microscopy ͑see, for example, Refs. 34 and 35͒.
Measurements in neurobiology 36 and hybridization experiments 37, 38 were performed with CCDs. Bioluminescence measurements were also practiced. 39, 40 An overview is given by Earle et al. 41 and by Warner and co-workers. 24 The machine described in this report combines automatic sample preparation, automatic temperature and process control, and, as the most important part, on-line detection. The design of the machine was constrained by the widespread microtiter norm as a standard in laboratory automation ͑i.e., pipetting robots and reaction vessels͒. Illumination and detection of samples spread on a large area defined by the space needed for ten microtiter plates caused a problem of its own. As a suitable solution we constructed a multichannel glass fiber fluorimeter combined with a CCD camera. Similar approaches, also in other applications-although on much smaller degree of parallelism-have been published previously. 42, 43 Similar approaches are known in the field of fiber optic sensors. 44 The machine is able to guarantee each arbitrary processing temperature up to 120°C. Furthermore it cycles the temperature automatically for PCR applications and has the capacity to carry up to 960 samples in an integrated array of sealed, disposable plastic reaction vessels; the liquids are handled automatically with an integrated pipetting robot 17 and can be measured by an integrated 960-channel ͑option-ally a 96-channel͒ glass fiber fluorimeter. Optical measurements are within 5 s in all 960 channels.
We demonstrate the function of the machine with a 96-channel PCR experiment detecting the inhibitor ͑hematin͒ dependence of our PCR system. The performance of the 960-channel fluorimeter was shown with the on-line measurement of the Q␤ in vitro amplification. As an example of the influence of an inhibitor ͑heparin͒ on the kinetics of Q␤, we practiced a 96-channel experiment with three different heparin concentrations.
II. INSTRUMENTATION AND MATERIALS
The system has to perform following processes ͑see Fig.  1͒ : sample preparation, sample processing, on-line analysis ͑screening͒. The main components due to the described tasks are listed in the following Tools for sample preparation include: plastic reaction vessels: a plastic sheet with 96 reaction vessels ͑see Sec. II C 1͒; a heat sealer to seal the PCR samples in the reaction vessels; a liquid delivery system with two independent pipetting robot arms: one arm with an 8-channel adapter with eight disposable tips and one 1-channel arm with an adapter for disposable cannulas ͑Fig. 2͒; a transportation unit for moving the sample carrier between the different pipetting and temperature stations that can hold up to 10 plastic sheets ͑i.e., a total of 960 samples͒ ͑Fig. 2͒.
Components of the temperature control, include three thermostats to perform the temperature adjustments required for the polymerase chain reaction and a freeze-storage device to store the reaction solutions for further analysis ͑Fig. 2͒.
Tools for the process control and the fluorimeter include: a process control unit with several computers based on the Versa Module Eurocard ͑VME͒ data bus; a glass fiber fluorimeter with 960 excitation and 960 emission fibers ͑option-ally a 96-channel fluorimeter is available͒ ͓Fig. 3͑b͔͒; a CCD camera and on-line image processing software by the VME data bus computer ͑Fig. 2͒.
The central part of this machine is the system integration of all processes directed by the VME bus computer ͑Fig. 4͒ with the master CPU chip 68020 ͑Motorola͒. The experiments are controlled in the fluorimeter via the image processing language ͑TCL͒. This language has been expanded with commands for controlling the pipetting robot, the computer numeric control ͑CNC͒ positioning device, the temperature controllers ͑Dicon 1, Dicon 2͒, a PT100 measurement card, various relais, sensors and valves ͑EKF VME 68200͒.
A. Principles of fluorimetric measurement with a glass fiber fluorimeter: Theoretical aspects
The amplification of nucleic acids can be measured by the enhanced fluorescence of the bound dye molecules in the nucleic acid strands.
The relative change of the fluorescence signal is with a given ethidium bromide ͑EtBr͒ concentration C EtBr 0 proportional ͑expressed by the constant factor V͒ to the concentration of bound EtBr(C EtBr b ),
Thus, the fluorescence signal of the concentration of bound EtBr is coupled via the mass action law to the concentration of the nucleic acids,
where n is the number of the EtBr binding sites and K the equilibrium constant of the binding sites of EtBr. With the following simplifications:
one yields with Eq. ͑2͒ the following ͑linear͒ approximation between EtBr and the RNA concentration C n (t):
If one computes ln͓(IϪI 0 )/I 0 ͔, one can yield very easy the rate constants for the individual channels from the slope of the line.
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B. Optics: Why a glass fiber fluorimeter?
Fluorescence emission can be detected in many different ways. The design of our instrument is constrained by the following features: The simultaneous measurement of 960 separate channels ͑optionally 96͒ is achieved best with a planar array of the samples; because of its frequent use, we wish to use the microtiter norm with set volumes, and this together with the necessity of different positions with different temperatures sets a limit on the minimum size of the instrument; the planar design renders the normal orthogonal arrangement of the excitation and emission light pathways impractical; the mobility of the lid of the thermal block where the detection takes place made flexible optical pathways necessary.
The packing density of the separate samples is set by the microtiter norm of 75.97 cm 2 for 96 chambers. Each chamber has an area of about 0.28 cm 2 . The area used by the samples is only 27.14 cm 2 ; 48.83 cm 2 are lost to the space between the wells. If the total area of the microtiter sheets is illuminated, the intensity of the excitation light for exciting a reasonable fluorescence intensity must be 2 to 3 times the intensity that is necessary for illuminating only the area actually taken up by the samples.
If the 96 fibers are packed in an area of 6.2 cm 2 , ͑which is a diameter of 2.8 cm͒, the energy density is 0.16 W/cm 2 , which is 18 times the energy density that would be achieved by illuminating the area of 114.4 cm 2 of a single plastic sheet. If we illuminate the total area of 44 ϫ26 cm 2 ϭ1144 cm 2 ͑10 plastic sheets with the microtiter measure͒ with a laser power of 1 W the illumination density . If a bundel of 960 fibers is packed in an area of 23 cm 2 ͑a circle with a diameter of 5.4 cm͒, and the laser beam is expanded to this area, this corresponds to a light density of 0.04 W/cm 2 ; This light density is 46 times greater than the energy density calculated above.
A similar argument pertains to the detection of the fluorescence emission. By employing optical glass fibers many separate reaction chambers can be measured independently of each other.
The CCD detector
The detection device and the computer-based image processing must fulfill the following conditions: on-line process control and image processing; parallel data aquisition and analysis; high sensitivity; high compatibility with the fiber bundle.
The system that has been selected ͑H. R. Tietz GmbH, Gauting bei München͒ consists of a VME bus computer, an image processing software TCL ͑University of Eindhooven͒, and a Photometrics CCD camera ͑Tucson, Arizona͒.
The CCD camera contains a Thomson THX 31156 CCD chip with 1024ϫ1024 square pixels each with an area of 19ϫ19 m 2 ; the sensitivity is 3.3 V cm 2 /J corresponding to 1.5 V/e Ϫ ͑Thomson-CSF, 1987͒. The 14 bit analog-to-digital conversion of the CCD signals takes place at 50 kHz, and by ''binning'' ͑adding neighboring pixels into superpixels, e.g., adding 4ϫ4 pixels into a single superpixel with the sum of 16 pixels͒, the pixel number can be reduced to 65 536 pixels; this results theoretically in a total readout time of about 1.3 s. For 1000 channels a fourfold binning should suffice.
Excitation branch
The argon ion laser ͑Lexel Lasers͒ is operated in the TEM 00 mode, which has a radially symmetric Gaussian intensity distribution. The laser beam, which has an original diameter of 1.3 mm, is expanded by a microscope objective; the output of the objective is focused onto a pinhole to filter out the unwanted modes. The divergent laser beam emerging from the pinhole is then transformed from a Gaussian profile into a rectangular profile by a specially developed optical system consisting of aspheric mirrors; the surfaces of these mirrors have been calculated numerically to produce a rectangular profile ͓see Figs. 2 and 3͑a͔͒. This ensures a homogeneous distribution of light intensity across the surface. The mirrors were constructed by Zeiss, Oberkochen using the computed parameters.
Construction of the fiber bundles
As a first step we constructed a 96-channel fiber bundle; each channel consists of one excitation and one emission fiber, each 1 m long. The fibers are cut from a single reel of fiber. The Teflon coating at the end of each fiber is removed and then smoothed and polished. The fibers are fixed on their one end with a two component glue in two masks ͑one mask for excitation and one for emission͒ and then fixed in the head of the measurement unit ͑consisting of the sample carrier and the cover plate with excitation and emission bundles͒. In addition, the fibers are monocled in a heatproof matrix of ceramic glue on top of the measurement unit ͓Fig. 3͑b͔͒.
The geometry of the measurement chamber is designed so that the axis of the emission fiber is normal to the surface of the sample chamber, and symmetrically orientated in the center of the head, whereas the axis of the excitation fiber is oriented at an angle of 15°from the emission fiber. Multiple reflections of the excitation light should lead to a nearly homogeneous illumination of the solution. One can expect the maximum intensity of the emission light to be emitted normal to the surface. The usual arrangement for a fluorimeter with the emission detection perpendicular to the excitation source could not be realized because of the parallel detection of many channels. The 15°angle was determined experimentally to be optimal.
Emission branch of the fluorimeter
The fluorescence emission passes through several optical components before reaching the CCD detector. After emerging from the emission fiber bundle, the fluorescence light passes through a combination of antireflection-coated interference filters and an absorption filter with an overall transmission greater than 90% at 610 nm ͑this is optimal for the emission of EtBr bound to DNA͒. A Zeiss camera lens focuses the image onto the CCD.
Image processing
The following image processing problems must be solved.
Every illuminated pixel must be assigned to the single fiber. Such an assignment ͑''mask''͒ must be carried out automatically.
Computation, normalization, and simultaneous readout is necessary to compare the channels.
Every channel must be allocated to a group of pixels in the pixel matrix ͑image segmentation problem͒. Without any background information the expected image can be extracted from the noisy image with the help of threshold algorithms: If the intensity of a pixel is greater than the threshold, then the pixel is identified as a channel pixel; otherwise it is set to 0. Such thresholds can be fixed or determined by several statistical methods. Tools are supplied by the TCL-Tietz software system. Such methods can be found in Refs. 46 and 47.
C. Sample preparation and handling of liquids
Sealing the samples
The sealed plastic reaction vessels ensure fast processing of each sample under identical conditions and avoid evaporation and cross contamination. The reaction chambers are made from films extruded from Macrolon ͑Kunststoffe Arthur Krüger, Hamburg, FRG͒; these are chemically inert and have negligible fluorescence. The finished and sealed reaction vessels have a volume of 40 l; the thickness of the wall is 40 m. The plastic reaction vessels must be sealed after the wells have been filled with the biochemical reaction solution. A heat sealer welds a 100-m-thick Macrolon coverfoil to the sheet containing the plastic reaction vessels. Details concerning the process of forming the foils, the welding machine, and the effect of the heat sealing process on the biological material can be found in Ref. 17 .
Delivery system for the liquids
A pipetting robot RSP 5052 ͑Zinsser Analytic, Tecan Robotics, Frankfurt, FRG͒ delivers the samples to the plastic sheets before they are sealed.
The computer controlled pipetting process allows the pipetting of up to four separate solutions to the plastic sheet with the reaction chambers with the eight-channel arm of the robot. By adjusting the relative volumes of two solutions a concentration gradient of, for instance, an inhibitory substance can be achieved in the final reaction mixture.
Transportation unit and sample carrier
For convenient sample handling we use an x,y,z manipulator ͑CNC machine 82 V4: Föhrenbach, Löffingen, FRG͒; this transports the sample carrier (444ϫ260 ϫ5 mm 3 ) between the three different temperature stations required for the PCR reaction. One temperature station is equipped with an optical detection device ͑see Sec. II B͒. The sample carrier contains up to 10 plastic sheets with 96 reaction vessels each.
Thermostating and freeze storage facilities
All thermostats are constructed from large aluminum blocks (490ϫ270ϫ290 mm 3 ) that provide a high heat capacity and guarantee temporal and spatial temperature homogeneity. 17 The desired temperatures are maintained either by heating elements placed inside the blocks or by circulating cooling water. The temperature of the sample carrier is measured by a Pt 100 thermocouple probe fixed to the sample carrier with silicon glue. After moving the samples to the appropriate thermostats, the sample carrier is pressed onto the chosen aluminum block by a vacuum system integrated into each block. Tempered cover plates ensures all over temperature control.
Details of the thermodynamic properties are given in Ref. 17 .
D. Biochemistry: PCR and Q␤ amplification as test procedure
The sequence of the Tetrahymena group I intron was used as a target sequence for this study. Primer sequences are listed in Ref. 14. The standard PCR reaction mix contained buffer ͑GeneAmp kit, Perkin Elmer Cetus Corporation, Norwalk, CT͒, 1.5 mM MgCl 2 , 10 M of each primer, 200 M dNTPs, 100 ng of template pT71-21Sca and 6 units of Taq polymerase ͑Amersham Buchler, Braunschweig͒.
Hematin and transferrin ͑both by Boehringer Mannheim͒ were added as indicated.
14 Usually 30 cycles were accomplished using the following protocol: denaturation at 94°C for 1.5 min, annealing at 55°C for 2 min, and extension at 72°C for 2.2 min. The same mixture was cycled in a commercially available thermocycler; the solution was overlaid with 50 l mineral oil before starting the PCR. The products were analyzed on 0.8% agarose gels. DNA was made visible by ethidium bromide staining and exposure to UV light.
The wells of the plastic reaction vessels were filled to a final volume of 30 l each by combining different volumes of hematin PCR mixture and PCR transferrin mixture. From row 2 to row 12 the amount of hematin PCR mixture is increased in steps of 3 l. The pipetting robot can discharge both solutions at every rack position. Because the same amount of transferrin ͑0.156 mg/ml͒ is pipetted at every position the transferrin concentration is constant whereas the hematin concentration is increased by 3.2 M at every consecutive step; the concentration increases from 0 M in the second row to 32 M in the 12th row. Wells 1-8 were pipetted by hand in order to show that the automatic pipetting facility does not affect the results. Wells 1-4 contain no hematin and 0.156 mg/ml transferrin; in wells 5-8 no hematin and no transferrin were used.
After the pipetting has been carried out the plastic sheets are sealed by the sealing machine with a sealing time of 10 s at 273°C. Previous measurements have shown that only the temperature outside of the wells was raised; the solution inside the wells was not affected. The solution temperature does not exceed 90°C during sealing operation.
The PCR solutions contain 3 M EtBr and were analyzed on line by the glass fiber fluorimeter and on 0.8% agarose gels as described above. The agarose gels were analyzed with a densitometer ͑Millipore Waters͒ and compared with the fluorimeter results.
On-line fluorescence detection ͑not done in the Biometra thermocycler͒ confirmed the results of gel electrophoresis. The addition of 0.156 mg/ml transferrin leads to positive results in both machines and with both detection methods ͑Biometra: again only gel electrophoresis was used͒ despite hematin concentrations up to 8 M.
As an example of time sensitive evolutionary amplification systems RNA variants of the in vitro Q␤ system were amplified parallally in 960 channels to test the fluorimeter. Furthermore the influence of the inhibitor Heparin was analyzed amplifying Q␤ in the presence of different concentration of the inhibitor heparin. 47 The RNA sequences and biochemical details are listed in Ref. 17 . The RNAs were amplified in presence of 0, 20, and 40 M heparin in three groups of 32 samples each during the heparin experiment. The different sample handling of the RNAs is described in Ref. 17 .
III. RESULTS
Standard PCR amplification was completely abolished at hematin concentrations as low as 0.7 M provided that no transferrin is present. This was also observed for the commercially available Biometra thermocycler as well as the multichannel fluorescence machine.
The presence of 0.156 mg/ml transferrin drastically suppressed inhibition in both machines.
Titration experiments in the Biometra thermocycler determined reproducibly the threshold for positive amplification with no more than 22.6 M hematin at the given transferrin concentration.
In Fig. 5 the normalized fluorescence intensities ͑arbi-trary units͒ are mapped onto the channel number and to the time axis. One can observe the dynamics of the time course of the PCR process. From channels 9 to 96 the hematin concentration of the solution increases in 11 steps as described in Sec. II. Therefore the efficiency of the PCR amplification is decreased.
Despite the large variance one can observe the effect of the concentration of hematin on the dynamics of the amplification. The 96 channels are divided into groups of 8 consecutive channels, and all channels in each group contain the same solution. The mean values of the intensities of the channels in the last PCR cycle with the same concentrations ͑e.g., the 11 rows͒ are plotted versus the increasing hematin concentrations ͑see Fig. 6͒ .
The results of evaluating the gel photographs with a densitometer as described in Sec. II are given in Fig. 7 , which has approximately the same shape as Fig. 6 . The variance of the densitometer analysis is smaller by a factor of 3 than the variance of the glass fiber fluorimeter analysis. This might be the result from the high EtBr concentration during EtBr gel staining and long illumination times. The optical difference between the welded plastic reaction vessels is another possible contributing factor. The differences between the single fibers which have been individually polished is minimized by the normalization of the single intensities.
Nevertheless, the success of the PCR amplification as a function of inhibitor concentrations can be determined by a fluorimeter before analyzing the products on a gel, which is much more time consuming. The RNA Q␤ replicase system was monitored by fluorescense measurements with the glass fiber fluorimeter ͑Fig. 8͒. One can see the homogeneous growth of the Q␤ clones in all 960 channels, which can be proved by gel electrophoresis ͑data not shown͒. The computation and the analysis of the kinetics of Q␤ is demonstrated with the heparin example. The effect of the increasing values of heparin is shown in Fig. 9 . Heparin causes significantly a time delay in the starting point of the Q␤ growth. The time delay is dependent on the heparin concentration. The amplification of the Q␤ strands in the single channels affects the kinetics as one can see at the shape of the growth functions. The optical device is able to take each 4 s an image of all 960 channels with an illumination time of 150 ms. All channels can be compared by image processing within 2 s.
Gel electrophoresis reveals the evolution of new short stranded self-amplifying RNA species also reflected by an elongated initial lag phase in the growth curve ͑data not shown͒.
The rate constants of three selected channels are determined with equation ͑5͒ to 0 ϭ0.0296 s Ϫ1 ͑0 g/ml heparin͒, 20 ϭ0.0224 s Ϫ1 ͑20 g/ml heparin͒, and 40 ϭ0.0217 s Ϫ1 ͑40 g/ml heparin͒. The time lag of the growth of the RNAs for the different heparin concentrations is for 0 g/ml heparin 115.98 s for 20 g/ml heparin 175.24 s, and for 40 g/ml heparin 320.13 s.
IV. DISCUSSION
The PCR inhibitory studies ͑hematin, biliverdin, bilirubin, transferrin 14 ͒ require screening devices that reduce the effort expanded in titration experiments. In the present study we have succeeded in screening the PCR hematintransferrin system with an automated PCR machine consisting of an integrated glass fiber fluorimeter. This device with this optical setup is especially suited for continuous monitoring the whole amplification process of self-replicating molecules as shown in the case of the Q␤ experiments.
The glass fiber fluorimeter is a robust tool in combination with our plastic microtiter foils. The time scale of one measurement is within 6 s, whereas the doubling time of Q␤ is about 20 s. New CCD cameras with modern VME bus computers ͑Motorola master chip: 68060͒ can even store a 256ϫ256 image within 0.5 s. The time scale of one measurement is within 1 s. Serial microscopic scanning systems are more sensitive, but would need a processing time destinct below 100 ms including movement and measurement to reach similar values.
The improvement and optimization of on-line, parallel sample screening should reduce the cost for testing many samples. Only those variants that will give reasonable fluorescence signals will be further analyzed. On-line measurements should provide selection criteria for screening and will be a tool for serial dilution experiments in evolutionary biotechnology. Evolutionary biotechnology is based on the principle of selection whereby replicating molecules, viruses, micro-organisms, or cell populations are subjected to externally controlled selection pressures. 12, 13 In this way biologi- cal macromolecules can be optimized for a specific application. [48] [49] [50] [51] [52] [53] [54] [55] [56] To optimize selected traits of these molecules large numbers of molecules in isolated compartments must be screened. 13 Different species must be studied under identical reaction conditions and, vice versa, the evolution of one species must be observed in different environments. Data obtained from these analyses can suggest new strategies for optimization, 57 which can be provided by a fully automated system consisting of sample preparation and on-line monitoring, as shown above, and selection. 17 Further research concerns the application of our experimental setup to in vivo cell based amplification systems.
Miniaturization down to the sub-l range should reduce the costs for screening significantly. 58 Nevertheless such miniaturized screening methods have to be brought up to a macroscopic level for further analysis. Furthermore combining this techniques with the microtiter norm should allow one to practice all introduced laboratory automation and analysis.
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